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Abstract 
Typically, soccer balls are constructed with 32 pentagonal and hexagonal panels. More recently Teamgeist and Jabulani balls 
have 14 and 8 panels, respectively, with dramatically different panel shapes and designs from conventional balls. The latest 
model called Cafusa, made with 32 panels, has been adopted by many soccer leagues. However, there are few studies on the 
aerodynamic characteristics of these balls. This study examined the trajectory and aerodynamic characteristics of soccer balls 
constructed with different numbers and shapes of panels. Results of wind tunnel tests indicated that the aerodynamic forces 
varied significantly according to the number of panels. They were also substantially different by the panel orientation of the 
balls and their rotation. The results for points of impact showed that the ball trajectory changes dramatically according to panel 
orientation, suggesting that panel orientation has significant effects on the flight of the balls. Furthermore, the panel shapes, 
rather than the numbers, are considered to affect the flight trajectory because balls with the same number of panels varied 
depending on their panel shape and orientation. 
© 2014 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of the Centre for Sports Engineering Research, Sheffield Hallam University. 
Keywords: Aerodynamic; Cafusa; Flight trajectory; Jabulani; Panel orientation; Soccer ball 
1. Introduction 
A ball sport is one in which a spherical ball is thrown, hit, or kicked. The aerodynamics of air always applies to 
balls used in these sports. Extensive studies on aerodynamics of sport balls have been conducted with balls for 
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diverse sports. Various aerodynamic studies on sport balls have been reported (Asai and Seo, 2013; Haake et al., 
2000; Smits and Ogg, 2004), and these have been summarized in a review (Goff, 2013). 
Since the shapes and designs of these balls are specific for each sport, there has been very little change in the 
designs and shapes of ball surfaces between currently used balls and older ones. The shape and design of soccer 
balls have, however, changed dramatically in recent years. The panel shape and design of soccer balls, mainly the 
official balls used in the FIFA World Cup have substantially changed. The Teamgeist ball, the official ball of the 
2006 World Cup in Germany, is comprised of 14 panels and is significantly different from a conventional soccer 
ball with the typical 32 pentagonal and hexagonal panels. The 14-panel ball, as opposed to the conventional 32 
(pentagonal and hexagonal) panels, called Teamgeist has attracted a lot of attention for its revolutionary shape. The 
subsequent 2010 World Cup in South Africa introduced the Jabulani (8-panel ball by Adidas), further modifying 
the panel shapes of the soccer ball. The 2013 FIFA Confederations Cup in Brazil adopted Cafusa (32-panel ball by 
Adidas) as the official ball, and this model is used by many professional soccer leagues and international matches. 
A Cafusa ball consists of 32 panels, the same number as a conventional soccer ball. While the pentagonal and 
hexagonal panels are arranged in a simple manner in a conventional ball, the panels on a Cafusa ball are 
significantly different in shape according to the panel orientation, which can be roughly classified into 3 categories 
with 8 panels of a Jabulani ball divided into 2 major categories. Although many aerodynamic studies on soccer 
balls have been reported (Hong et al., 2010; Oggiano et al., 2010; Passmore et al., 2012; Rogers et al., 2010), few 
studies have reported on the effect of panel orientation on the aerodynamic and flight characteristics of modern 
soccer balls such as Cafusa and Jabulani, and investigation into this is sought.  
This study primarily examined the aerodynamic forces affected by varying the number and orientation of panels 
using Cafusa, the official ball of 2013 FIFA Confederations Cup, Jabulani, the official ball of the 2010 World Cup, 
and Teamgeist 2, the official ball of Euro 2008. The flight trajectory and aerodynamic characteristics of a soccer 
balls constructed with the conventional 32 panels were also examined as a comparative reference. Also, the effect 
of the panel orientation on the trajectories of actual soccer balls was clarified using an impact-type kick robot. 
2. Methods 
2.1. Wind Tunnel Test 
Fig. 1. Photograph of the wind tunnel test setup. 
This test took place in a closed-circuit wind tunnel (San Technologies Co., Ltd., Tochigi, Japan) at the 
University of Tsukuba (Fig. 1). The maximum flow velocity of this wind tunnel is 55 m/s, the blower outlet size 
1.5 m × 1.5 m, the flow velocity distribution is within ± 0.5%, and the turbulence is 0.1 % or less. The test was 
conducted using new Cafusa (Cafusa, Adidas, 32-panel), Jabulani (8-panel, Adidas), Teamgeist (14-panel, Adidas) 
and conventional (Vantaggio, Molten, 32-panel) soccer balls mounted in this wind tunnel. In this test, the faces of 
the soccer balls were divided into panel orientation; the Cafusa ball was divided into 3 orientations (Faces A, B and 
C) and the Jabulani, Teamgeist and conventional balls into 2 orientations (Faces A and B), and the aerodynamics 
of the balls in the respective panel orientations were measured (Fig. 2). Furthermore, the orientation of each panel 
was changed between 0° and 360° in 90° increments, and the aerodynamic forces were measured at flow velocities 
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(U) of 7–35 m/s to examine the aerodynamic forces when the panel orientation was changed by rotating the same 
panel. The panel orientations of respective soccer balls were specified as shown in Fig. 2. The forces acting on the 
soccer balls were measured by a sting-type 6-component force detector (LMC-61256 by Nissho Electric Works, 
Japan). The aerodynamic forces measured in this test were converted into drag coefficient (Cd), lift coefficient (Cl) 
and side coefficient (Cs) as shown in Eqs. (1–3): 
ܥ݀ ൌ ଶ஽ఘ௎మ஺       (1)                 ܥ݈ ൌ
ଶ௅
ఘ௎మ஺        (2)                 ܥݏ ൌ
ଶௌ
ఘ௎మ஺       (3)  
In the above equations, ρ is air density, expressed as ρ = 1.2 kg/m3, U is flow velocity and A is projected area of 
soccer ball, expressed as A = π × 0.112 m = 0.038 m2. 
Fig. 2. The soccer balls used in the test and panel orientations of respective soccer balls. (a, b, c) Adidas Cafusa: small grip texture with 32 
modified panels; (d, e) Adidas Jabulani: small ridges or protrusions with 8 panels; (f, g) Adidas Teamgeist II: small protuberances with 14 
panels; (h, i) Molten Vantaggio (conventional soccer ball): smooth surface with 32 pentagonal and hexagonal panels. 
2.2. Kick Robot Test 
The flight characteristics of the soccer balls were investigated by the points of impact on a goal net using the 
impact-type kick robot. An actual regulation-sized soccer goal was positioned 25 m in front of the kick robot, and 
the robot kicked non-rotating balls at the centre of the goal (Fig. 3). A stationary ball was placed at 25 m in front of 
the soccer goal on the kick robot, and a semi-high-speed video camera (EX-F1 by Casio Computer Co., Ltd., 
Tokyo, Japan; 300 fps; 720 × 480 pixels) was installed to one side (50 cm left of the kick robot) to record each 
kick (Fig. 4). The kick robot was set to launch the balls with an initial velocity of 30 m/s with no spin (<1 rotation), 
and launches were repeated continuously during the test. The points where the ball hit the goal net were recorded 
by the camera positioned at 25 m in front of the goal to measure the points of impact of the soccer balls. Each 
soccer ball was launched 20 times in each panel orientation, and the data collected on the points of impact for each 
panel orientation of each soccer ball were analysed. 
Fig. 3 Multi-purpose kick robot used in the test           Fig. 4 Test set up using kick robot 
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3. Results 
3.1.  Drag force in the wind tunnel test 
Fig. 5. Drag coefficient variation by balls and their panel orientation in modern soccer balls. a (Cafusa A, B and C); b (Jabulani A and B); c 
(Teamgeist A and B); and d (Conventional A and B). 
The critical Reynolds number of the Cafusa were Ң2.9 × 105 (Cd Ĭ 0.14) for panel orientation A, Ң2.4 × 105 
(Cd Ĭ 0.15) for panel orientation B and Ң2.3 × 105 (Cd Ĭ 0.14) for panel orientation C (Fig. 5a). Also, The panel 
orientation A of the Jabulani ball in the critical Reynolds number was Ң3.3 × 105 (Cd Ĭ 0.10), which was less than 
Ң3.6 × 105 (Cd Ĭ 0.16) of panel orientation B, and less than the results of the other soccer balls (Fig. 5b). The drag 
coefficient variation by the panel orientation was found to be small in the Teamgeist and conventional balls (Figs. 
3c and 3d). The critical Reynolds number of the Teamgeist ball was recorded as Ң3.0 × 105 (Cd Ĭ 0.17) for panel 
orientation A and Ң2.8 × 105 (Cd Ĭ  0.15) for panel orientation B. The critical Reynolds number of the 
conventional ball was recorded as Ң2.5 × 105 (Cd Ĭ 0.16) for panel orientation A and Ң2.8 × 105 (Cd Ĭ 0.17) for 
panel orientation B. The results of the wind tunnel test indicated that the drag variations of the Cafusa and Jabulani 
balls changed when their panel orientations were varied.  
3.2.  Side and lift forces from a wind tunnel test  
Figure 6 shows scatter diagrams of the lift and side forces applied to the soccer balls when the panel orientation 
was changed. These indicate that the irregular fluctuations increase as the flow velocity increases from 20 m/s to 
30 m/s. The same trend was observed even when the ball panel orientation was changed. The change in irregular 
fluctuations from increased speed was smaller in the Teamgeist ball than those in other balls (Figs. 6f-1 and 6g-1), 
while panel orientation A of the Jabulani ball showed the greatest change (Fig. 6d-1). The irregular fluctuation was 
more prominent for the conventional ball when the flow velocity increased. The standard deviation of the side and 
lift forces also increases with the flow velocity increased (Figs. 6j and 6k). This trend was also observed even 
when the panel orientations were changed. The Jabulani ball showed a tendency that the standard deviation of the 
forces was larger at the flow velocity of 20 m/s than those of other balls, and the irregular fluctuations were 
observed at the intermediate velocity. The standard deviation of the side force for panel orientation A of the 
Jabulani ball did not increase despite the increase in flow velocity. Furthermore, the standard deviation of the side 
and lift forces for panel orientation B of the Jabulani ball decreased despite the increase in flow velocity, 
highlighting the difference from the other soccer balls. 
790   Sungchan Hong et al. /  Procedia Engineering  72 ( 2014 )  786 – 791 
Fig. 6. Net force scatter plots of the side force and the lift force for the soccer balls and the standard deviation of the respective forces for each 
flow velocity (9 s). As the flow velocity increases from 20 m/s (a–i) to 30 m/s (a-1Ңi-1), the irregular fluctuations of the side and lift forces 
increase. The standard deviation of the side (j) and the lift force (k) increased as the flow velocity increased. 
 
3.3. Comparing the deviation between the coordinate values at the impact point 
Next, actual balls were launched by the impact-type kick robot at the goal net 25 m away, and the points where 
the balls hit the goal net are plotted in the following figure as the points of impact (Fig. 7). The balls were launched 
under the following conditions: the initial ball velocity at 30 m/s and the number of ball rotations was less than 1 
(no rotation). This was repeated 20 times per panel orientation for the respective soccer balls. The results indicate 
that the points of impact of the conventional ball were relatively stable while those of the other 3 balls (Cafusa, 
Jabulani and Teamgeist) varied substantially when the panel orientation was varied. The Cafusa ball showed 
unstable impacts as the ball trajectory varied considerably according to the panel orientation (Fig. 7a). The 
trajectory of the Teamgeist and Jabulani balls also varied greatly depending on the panel orientation (Figs. 7b and 
7c). Particularly, the flight characteristics (point of impact) of the Teamgeist ball drastically changed depending on 
the orientation of the panel, indicating that the panel orientation significantly affects the flight characteristics the 
ball. The conventional soccer ball comprising 32 pentagonal and hexagonal panels showed a relatively stable and 
regular flight trajectory compared to the other balls. In contrast, the Cafusa, Teamgeist and Jabulani balls whose 
panel shapes vary drastically depending on the panel orientation relatively showed irregular flight trajectories. The 
Cafusa ball, despite having the same number of panels as the conventional ball (32 panels), showed a large 
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Fig. 7. Comparison of flight characteristics (point of impact) by ball and their panel orientation in modern soccer balls. Initial ball velocity: 30 
m/s. Ball launching angle in all cases: 20°.  a (Cafusa orientations A, B and C); b (Jabulani orientations A and B); c (Teamgeist orientations A 
and B); d (Conventional ball orientations A and B). 
The results of flight characteristics expressed as the points of impact of the soccer balls using the impact-type 
kick robot show that the ball trajectory changes dramatically according to the orientation of the panel, indicating 
that the panel orientation is thought to affect the flight of the balls significantly. It was also found that even the 
balls with the same number of panels (Cafusa and conventional ball) have different trajectories depending on the 
panel shapes and orientation. Based on these results, it is considered that the panel shapes and orientation 
dramatically affect the ball trajectory rather than the number of panels on the ball. 
4.  Conclusion 
Wind tunnel tests indicated that the aerodynamic forces on the balls varied significantly according to the 
number of panels of the soccer balls. Substantial differences were found in the aerodynamic forces applied to the 
ball depending on the panel orientation. The results of the points of impact of the soccer balls using the impact-
type kick robot demonstrated that the ball trajectory changes dramatically according to the orientation of the 
panels, indicating that the panel orientation significantly affects the flight of the balls. This study focused on the 
trajectory of soccer balls, and the results indicated that this is affected more by the panel shapes and orientation 
than the number of panels on the balls.  
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